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Mobile-to-mobile (M2M) fading channels in cooperative networks can efficiently be modeled
using the multiple scattering concept. In this chapter, we propose a new second-order scat-
tering channel model referred to as the multiple-LOS second-order scattering (MLSS) channel
model1 forM2M fading channels in amplify-and-forward relay links under line-of-sight (LOS)
conditions, where the received signal comprises only the single and double scattered compo-
nents. In the proposed model, LOS components exist in the direct link between the source
mobile station and the destination mobile station as well as the link via the mobile relay. An-
alytical expressions are derived for the probability density function (PDF) of the envelope
and phase of M2M fading channels. It is shown mathematically that the proposed model in-
cludes as special cases double Rayleigh, double Rice, single-LOS double-scattering (SLDS),
non-line-of-sight (NLOS) second-order scattering (NLSS), and single-LOS second-order scat-
tering (SLSS) processes. The validity of all theoretical results is confirmed by simulations.
Our novel M2M channel model is important for the investigation of the overall system per-
formance in different M2M fading environments under LOS conditions.
1. Introduction
Among several emerging wireless technologies, M2M communications in cooperative
networks has gained considerable attention in recent years. The driving force behind
merging M2M communications and cooperative networks is its promise to provide a better
link quality (diversity gain), an improved network range, and an overall increase in the
system capacity. M2M cooperative wireless networks exploit the fact that single-antenna
mobile stations cooperate with each other to share their antennas in order to form a virtual
multiple-input multiple-output (MIMO) system in a multi-user scenario (Dohler, 2003). Thus,
in such networks, cooperative diversity (Laneman et al., 2004; Sendonaris et al., 2003a;b) is
achieved by relaying the signal transmitted from a mobile station to the final destination
using other mobile stations in the network. However, to cope with the problems faced within
the development of such systems, a solid knowledge of the underlying multipath fading
channel characteristics is essential. Therefore, the aim of this chapter is to develop a flexible
M2M fading channel model for relay-based cooperative networks and to analyze its statistical
1 The material in this chapter was presented in part at the 19th IEEE International Symposium on Per-
sonal, Indoor and Mobile Radio Communications, PIMRC 2008, Cannes, France, September 2008.
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properties. This newly developed model would help communication system designers to
investigate the overall performance of cooperative communication systems.
So far, M2M amplify-and-forward relay fading channels have been modeled only for
some specific communication scenarios, either assuming NLOS or partial LOS propagation
conditions. It has been shown in (Patel et al., 2006) that under NLOS propagation conditions,
the M2M amplify-and-forward relay fading channel can be modeled as a double Rayleigh
fading channel (Erceg et al., 1997; Kovacs et al., 2002). Motivated by the studies of double
Rayleigh fading channels for keyhole channels (Almers et al., 2006), the so-called double
Nakagami-m fading channel model has also been proposed in (Shin & Lee, 2004). Further-
more, in amplify-and-forward relay environments, the M2M fading channel under LOS
conditions can be modeled as a double Rice fading channel (Talha & Pätzold, 2007a) and/or
as an SLDS fading channel (Talha & Pätzold, 2007b). In addition, M2M fading channels
in cooperative networks can efficiently be modeled using the multiple scattering concept
(Andersen, 2002).
In multiple scattering radio propagation environments, the received signal comprises a
sum of the single, double, or generally multiple scattered components. In this chapter, we
model the amplify-and-forward relay fading channel as a second-order scattering channel,
i.e., the sum of only the single and the double scattered components (Salo et al., 2006). The
novelty of this approach is that we have extended the NLSS (Salo et al., 2006) and the SLSS
(Salo et al., 2006) channel models to an MLSS channel model (Talha & Pätzold, 2008b) by
incorporating multiple LOS components in all transmission links, i.e., in the direct link
between the source mobile station and the destination mobile station as well as in the link
via the mobile relay. Furthermore, an important feature of the proposed MLSS channel
model for M2M fading channels is that it includes several other well-known channel models
as special cases, e.g., the double Rayleigh model, the double Rice model, the SLDS model,
the NLSS model, and the SLSS model. Here, we derive an analytical expression of the
PDF of the MLSS process, along with the PDF of the corresponding phase process. The
correctness of all theoretical results would be confirmed using a high-performance channel
simulator. Furthermore, all presented results provide evidence that the statistics of MLSS
fading channels are entirely different from the special cases discussed above.
The chapter is structured as follows: In Section 2, the reference model for the amplify-
and-forward MLSS fading channel is developed. Section 3 deals with the analysis of the
statistical properties of MLSS fading processes. Section 4 confirms the validity of the
analytical expressions presented in Section 3 by simulations. Finally, concluding remarks are
made in Section 5.
2. The MLSS Fading Channel
Under NLOS propagation conditions, the complex time-varying channel gain of the multiple
scattering radio propagation channel proposed in (Andersen, 2002) can be written as
χ (t) = α1µ
(1) (t) + α2µ
(2) (t) µ(3) (t) + α3µ
(4) (t) µ(5) (t) µ(6) (t) + · · · (1)
where µ(i) (t) (i = 1, 2, 3, . . .) is a zero-mean complex Gaussian process that represents the
scattered component of the ith link and αi (i = 1, 2, 3, . . .) is a real-valued constant that
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determines the contribution of ith scattered component. In (1), Gaussian processes µ(i) (t) are
mutually independent. However, when the fading channel is modeled by taking into account
only the first two terms of (1), the resulting channel is referred to as the NLSS channel (Salo
et al., 2006). Here, we are presenting an extension of the NLSS channel to the MLSS channel
by incorporating LOS components in a novel manner for M2M amplify-and-forward relay
fading channels. The considered communication scenario determined by a source mobile
station, a destination mobile station and mobile relay is shown in Fig. 1.
Mobile relay
   1 tUP
   2 tUP    3 tUP
Source
mobile station
Destination
mobile station
Fig. 1. The propagation scenario behind MLSS fading channels.
Starting from (1), ignoring µ(i) (t) ∀ i ≥ 4, and replacing µ(i) (t) by µ
(i)
ρ (t) for i = 1, 2, 3,
results in
χρ (t) = µ
(1)
ρ (t) + AMR µ
(2)
ρ (t) µ
(3)
ρ (t) (2)
where α1 = 1 and α2 = AMR. The quantity AMR in (2) is referred to as the relay gain. Since we
have assumed fixed gain relays in our system, it follows that AMR is a real constant. Further-
more, in (2), µ
(1)
ρ (t), µ
(2)
ρ (t), and µ
(3)
ρ (t) are statistically independent non-zero-mean complex
Gaussian processes, whichmodel the individualM2M fading channel in the sourcemobile sta-
tion to the mobile relay, the mobile relay to the destination mobile station, and the source mo-
bile station to the destination mobile station links (see Fig. 1). Each complex Gaussian process
µ
(i)
ρ (t) = µ
(i)
ρ1 (t) + jµ
(i)
ρ2 (t) represents the sum of the scattered component µ
(i) (t) and the LOS
component m(i) (t), i.e., µ
(i)
ρ (t) = µ
(i) (t) + m(i) (t). The scattered component µ(i) (t) is still
modeled by a zero-mean complex Gaussian process µ(i) (t) = µ
(i)
1 (t) + jµ
(i)
2 (t) with variance
2σ2i . The LOS component m
(i) (t) = ρie
j(2pi fρi t+θρi ) assumes a fixed amplitude ρi, a constant
Doppler frequency fρi , and a constant phase θρi for i = 1, 2, 3. Furthermore, it is obvious that
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the product term µ
(2)
ρ (t) µ
(3)
ρ (t) in (2) is a non-zero-mean complex double Gaussian process,
i.e., µ
(2)
ρ (t) µ
(3)
ρ (t) = ςρ (t) = ςρ1 (t) + jςρ2 (t). Furthermore, ςρ (t) models the overall fad-
ing in the source mobile station to the destination mobile station link via the mobile relay. It
should also be noted here that the relay gain AMR would just scale themean value and variance
of the complex Gaussian process µ
(3)
ρ (t), i.e., m
(3) (t) = E{AMR µ
(3)
ρ (t)} = ρAMR e
j(2pi fρ3 t+θρ3 )
where ρAMR = AMR ρ3, and 2σ
2
AMR
= Var{AMR µ
(3)
ρ (t)} = 2 (AMR σ3)
2. Finally, the overall fad-
ing process consisting of the direct link between the source mobile station and the destination
mobile station as well as the source mobile station to the destinationmobile station link via the
mobile relay results in the complex process χρ (t) = χρ1 (t) + jχρ2 (t) given in (2). The abso-
lute value of χρ (t) defines the MLSS process, i.e., Ξ (t) = |χρ (t) |. Furthermore, the argument
of χρ (t) introduces the phase process Θ (t), i.e., Θ (t) = arg{χρ (t)}.
3. Statistical Analysis Of the MLSS Fading Channel
In this section, we derive the analytical expressions for the statistical properties of MLSS
fading channels introduced in Section 2. The starting point for the derivation of the an-
alytical expression of the PDF of MLSS fading channels, as well as the PDF of the corre-
sponding phase process is the computation of the joint PDF pχρ1χρ2 χ˙ρ1 χ˙ρ2 (u1, u2, u˙1, u˙2; t) of
the stochastic processes χρ1 (t), χρ2 (t), χ˙ρ1 (t), and χ˙ρ2 (t) at the same time t. Throughout
this chapter, the overdot indicates the time derivative. Equation (2) shows that the joint PDF
pχρ1χρ2 χ˙ρ1 χ˙ρ2 (u1, u2, u˙1, u˙2; t) can be written in terms of a 4-dimensional (4D) convolution in-
tegral as
pχρ1χρ2 χ˙ρ1 χ˙ρ2(u1, u2, u˙1, u˙2; t) =
∞∫
−∞
∞∫
−∞
∞∫
−∞
∞∫
−∞
p
µ
(1)
ρ1
µ
(1)
ρ2
µ˙
(1)
ρ1
µ˙
(1)
ρ2
(u1 − y1, u2 − y2, u˙1 − y˙1, u˙2 − y˙2; t)
pςρ1 ςρ2 ς˙ρ1 ς˙ρ2(y1, y2, y˙1, y˙2; t) dy˙2 dy˙1 dy2 dy1 (3)
where p
µ
(1)
ρ1
µ
(1)
ρ2
µ˙
(1)
ρ1
µ˙
(1)
ρ2
(u1, u2, u˙1, u˙2; t) is the joint PDF of the processes µ
(1)
ρ1 (t), µ
(1)
ρ2 (t),
µ˙
(1)
ρ1 (t), and µ˙
(1)
ρ2 (t) at the same time t. Similarly, pςρ1 ςρ2 ς˙ρ1 ς˙ρ2(y1, y2, y˙1, y˙2; t) in (3), rep-
resents the joint PDF of the processes ςρ1 (t), ςρ2 (t), ς˙ρ1 (t), and ς˙ρ2 (t) at the same time
t. It is worth mentioning here that the processes µ
(1)
ρi (t), µ˙
(1)
ρi (t), ςρi (t), and ς˙ρi (t)
(i = 1, 2) are uncorrelated in pairs. Furthermore, the process pairs {µ
(1)
ρi (t) , µ˙
(1)
ρi (t)}
and {ςρi (t) , ς˙ρi (t)} (i = 1, 2) are statistically independent, which allows us to ex-
press p
ςρ1 ςρ2 ς˙ρ1 ς˙ρ2µ
(1)
ρ1
µ
(1)
ρ2
µ˙
(1)
ρ1
µ˙
(1)
ρ2
(y1, y2, y˙1, y˙2, u1, u2, u˙1, u˙2; t) as given in (3). The joint PDF
p
µ
(1)
ρ1
µ
(1)
ρ2
µ˙
(1)
ρ1
µ˙
(1)
ρ2
(u1, u2, u˙1, u˙2; t) can be obtained using the multivariate Gaussian distribution
(see, e.g., (Simon, 2002, Eq. (3.2))). The expression for the joint PDF pςρ1 ςρ2 ς˙ρ1 ς˙ρ2(y1, y2, y˙1, y˙2; t)
is presented in (4), where the quantity βi (i = 2, 3) is the negative curvature of the autocorrela-
tion function of the inphase and quadrature components of µ(i) (t) (i = 2, 3). Under isotropic
scattering conditions, βi (i = 2, 3) can be expressed as (Akki, 1994; Pätzold, 2002)
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pςρ1 ςρ2 ς˙ρ1 ς˙ρ2 (y1, y2, y˙1, y˙2; t) =
∞∫
−∞
∞∫
−∞
dz2 dz1
e
−
(
z1−m
(3)
1
(t)
)2
+
(
z2−m
(3)
2
(t)
)2
2σ2
AMR e
−
(
m˙
(3)
1
(t)
)2
+
(
m˙
(3)
2
(t)
)2
2β3
(2pi)3 σ22 σ
2
AMR
[
β3
(
y21 + y
2
2
)
+ β2
(
z21 + z
2
2
)2] e
β2(z21+z
2
2)
2
{(
m˙
(3)
1
(t)
)2
+
(
m˙
(3)
2
(t)
)2}
+β3(y21+y
2
2)
(
m˙
(2)
1
(t)+m˙
(2)
2
(t)
)
2β2
{
β3(y21+y
2
2)+β2(z
2
1
+z2
2)
2
}
×e
−
y2
1
+y2
2
−2
(
y2m
(2)
2
(t)+y1m
(2)
1
(t)
)
z1−2
(
y2m
(2)
1
(t)−y1m
(2)
2
(t)
)
z2+
{(
m
(2)
1
(t)
)2
+
(
m
(2)
2
(t)
)2}
(z21+z
2
2)
2σ2
2 (z
2
1
+z2
2) e
z1m˙
(3)
2
(t)
(
−y2 y˙1+y1 y˙2−m˙
(2)
2
(t)y1z1+m˙
(2)
1
(t)y2z1
)
β3(y21+y
2
2)+β2(z
2
1
+z2
2)
2
×e
−
y˙2
1
+y˙2
2
−2
(
y˙2m˙
(2)
2
(t)+y˙1m˙
(2)
1
(t)
)
z1−2
(
y˙2m˙
(2)
1
(t)−y˙1m˙
(2)
2
(t)
)
z2+
{(
m˙
(2)
1
(t)
)2
+
(
m˙
(2)
2
(t)
)2}
(z21+z
2
2)
2β2(z21+z
2
2) e
z1m˙
(3)
1
(t)
(
y1 y˙1+y2 y˙2−m˙
(2)
1
(t)y1z1+m˙
(2)
2
(t)y2z1
)
β3(y21+y
2
2)+β2(z
2
1
+z2
2)
2
×e
2β2z2(z21+z
2
2)
{
m˙
(3)
1
(t)
(
y2 y˙1−y1 y˙2+2m˙
(2)
2
(t)y1z1−2m˙
(2)
1
(t)y2z1
)
+m˙
(3)
2
(t)
(
y1 y˙1+y2 y˙2−2m˙
(2)
1
(t)y1z1−2m˙
(2)
2
(t)y2z1
)}
+β3(y21+y
2
2)(y˙
2
1
+y˙2
2)
2β2(z21+z
2
2)
{
β3(y21+y
2
2)+β2(z
2
1
+z2
2)
2
}
×e
z2
2
{
m˙
(2)
1
(t)m˙
(3)
1
(t)y1+m˙
(2)
2
(t)m˙
(3)
2
(t)y1+m˙
(2)
2
(t)m˙
(3)
1
(t)y2−m˙
(2)
1
(t)m˙
(3)
2
(t)y2
}
β3(y21+y
2
2)+β2(z
2
1
+z2
2)
2
e
β3(y21+y
2
2)
[
−2y˙2
(
m˙
(2)
2
(t)z1+m˙
(2)
1
(t)z2
)
+2y˙1
(
−m˙
(2)
1
(t)z1+m˙
(2)
2
(t)z2
)]
2β2(z21+z
2
2)
{
β3(y21+y
2
2)+β2(z
2
1
+z2
2)
2
}
.
(4)
w
w
w
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p
ΞΞ˙ΘΘ˙
(
x, x˙, θ, θ˙; t
)
=
x2 e
− x
2
2σ2
1 e
−
(
m˙
(2)
1
(t)
)2
+
(
m˙
(2)
2
(t)
)2
2β2 e
−
(
m˙
(3)
1
(t)
)2
+
(
m˙
(3)
2
(t)
)2
2β3 e
−
(
m˙
(1)
1
(t)
)2
+
(
m˙
(1)
2
2β1
(2pi)4 σ21 σ
2
2 σ
2
AMR
∞∫
−∞
∞∫
−∞
∞∫
−∞
∞∫
−∞
dz2 dz1 dy2 dy1
e
−
(
z1−m
(3)
1
(t)
)2
+
(
z2−m
(3)
2
(t)
)2
2σ2
AMR e
−
(
y1+m
(1)
1
(t)
)2
+
(
y2+m
(1)
2
(t)
)2
2σ2
1
β1
(
z21 + z
2
2
)
+ β3
(
y21 + y
2
2
)
+ β2
(
z21 + z
2
2
)2 e
r
(
y1+m
(1)
1
(t)
)
×e
−
y2
1
+y2
2
−2
(
y2m
(2)
2
(t)+y1m
(2)
1
(t)
)
z1−2
(
y2m
(2)
1
(t)−y1m
(2)
2
(t)
)
z2+
{(
m
(2)
1
(t)
)2
+
(
m
(2)
2
(t)
)2}
(z21+z
2
2)
2σ2
2 (z
2
1
+z2
2) e
β3(y21+y
2
2)
{(
m˙
(1)
1
(t)
)
2β1
{
β1(z21+z
2
2)+β3(y
2
1
+
×e
β2
2(z
2
1
+z2
2)
2
[
β3
{(
m˙
(1)
1
(t)
)2
+
(
m˙
(1)
2
(t)
)2}
+β1
{(
m˙
(3)
1
(t)
)2
+
(
m˙
(3)
2
(t)
)2}]
+β3 β1
{(
m˙
(2)
1
(t)
)2
+
(
m˙
(2)
2
(t)
)2}
[β3(y21+y
2
2)+β1(z
2
1
2β3 β2 β1
{
β1(z21+z
2
2)+β3(y
2
1
+y2
2)+β2(z
2
1
+z2
2)
2
}
×e
z2
2
{
m˙
(2)
1
(t)m˙
(3)
1
(t)y1+m˙
(2)
2
(t)m˙
(3)
2
(t)y1+m˙
(2)
2
(t)m˙
(3)
1
(t)y2−m˙
(2)
1
(t)m˙
(3)
2
(t)y2−z1
(
m˙
(1)
1
(t)m˙
(2)
1
(t)+m˙
(1)
2
(t)m˙
(2)
2
(t)
)
−z2
(
m˙
(1)
2
(t)m˙
(2)
1
(t)
β1(z21+z
2
2)+β3(y
2
1
+y2
2)+β2(z
2
1
+z2
2)
2
×e
z2
{
2z1
(
m˙
(2)
2
(t)m˙
(3)
1
(t)y1−m˙
(2)
1
(t)m˙
(3)
2
(t)y1−m˙
(2)
1
(t)m˙
(3)
1
(t)y2−m˙
(2)
2
(t)m˙
(3)
2
(t)y2
)
−z2
1
(
m˙
(1)
2
(t)m˙
(2)
1
(t)−m˙
(1)
1
(t)m˙
(2)
2
(t)
)
+
(
m˙
(1)
2
(t)m˙
(3
1
β1(z21+z
2
2)+β3(y
2
1
+y2
2)+β2(z
2
1
+z2
2)
2
×e
z2
1
(
m˙
(2)
1
(t)m˙
(3)
2
(t)y2−m˙
(2)
1
(t)m˙
(3)
1
(t)y1−m˙
(2)
2
(t)m˙
(3)
2
(t)y1−m˙
(2)
2
(t)m˙
(3)
1
(t)y2
)
−z1
(
m˙
(1)
1
(t)m˙
(3)
1
(t)y1+m˙
(1)
2
(t)m˙
(3)
2
(t)y1+m˙
(1)
2
(t)m˙
(3)
1
(t
β1(z21+z
2
2)+β3(y
2
1
+y2
2)+β2(z
2
1
+z2
2)
2
×e
−
z3
1
(
m˙
(1)
1
(t)m˙
(2)
1
(t)+m˙
(1)
2
(t)m˙
(2)
2
(t)
)
+
{
m˙
(3)
1
(t)(y2z1−y1z2)+m˙
(3)
2
(t)(y1z1+y2z2)+
(
m˙
(1)
2
(t)+m˙
(2)
2
(t)z1+m˙
(2)
1
(t)z2
)
(z21+z
2
2)
}
(xθ˙ cos
β1(z21+z
2
2)+β3(y
2
1
+y2
2)+β2(z
2
1
+z2
2)
2
×e
{
m˙
(3)
2
(t)(y1z2−y2z1)+m˙
(3)
1
(t)(y1z1+y2z2)+
(
m˙
(1)
1
(t)+m˙
(2)
1
(t)z1−m˙
(2)
2
(t)z2
)
(z21+z
2
2)
}
(x˙ cos θ−xθ˙ sin θ)−
{
m˙
(1)
2
(t)m˙
(3)
2
(t)+m˙
(1)
1
(t)m˙
β1(z21+z
2
2)+β3(y
2
1
+y2
2)+β2(z
2
1
+z2
2)
2
×e
−
(z21+z
2
2){x˙2+(xθ˙)
2}
2
{
β1(z21+z
2
2)+β3(y
2
1
+y2
2)+β2(z
2
1
+z2
2)
2
}
e
β1(z21+z
2
2)
{(
m˙
(3)
1
(t)
)2
+
(
m˙
(3)
2
(t)
)2}
2β3
{
β1(z21+z
2
2)+β3(y
2
1
+y2
2)+β2(z
2
1
+z2
2)
2
}
, x ≥ 0, |x˙| < ∞, |θ| ≤ pi
w
w
w
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β2 = 2 (σ2pi)
2
(
f 2max1 + f
2
max2
)
(5a)
β3 = 2 (σAMRpi)
2
(
f 2max2 + f
2
max3
)
. (5b)
The symbols fmax1 , fmax2 , and fmax3 appearing in (5a) and (5b) denote the maximum Doppler
frequency caused by the motion of the source mobile station, the mobile relay, and the des-
tination mobile station, respectively. Substituting the joint PDF p
µ
(1)
ρ1
µ
(1)
ρ2
µ˙
(1)
ρ1
µ˙
(1)
ρ2
(u1, u2, u˙1, u˙2)
and (4) in (3), applying the concept of transformation of random variables (Papoulis & Pillai,
2002), and doing tedious algebraic manipulations, the joint PDF p
ΞΞ˙ΘΘ˙
(
x, x˙, θ, θ˙; t
)
of the pro-
cesses Ξ (t), Ξ˙ (t), Θ (t), and Θ˙ (t) can be derived. The resulting joint PDF p
ΞΞ˙ΘΘ˙
(
x, x˙, θ, θ˙; t
)
is presented in (5), which is of fundamental importance, because it provides the basis for
the computation of the PDF, the level-crossing rate (LCR), and the average duration of fades
(ADF) of MLSS processes Ξ (t) as well as the PDF of the phase process Θ (t). Using (5), the
analytical expressions of the LCR and the ADF of the MLSS processes Ξ (t) have been derived
in (Talha & Pätzold, 2008a). In (5), the quantity β1 is given by β1 = 2 (σ1pi)
2 ( f 2max1 +f 2max3)
(Akki, 1994; Pätzold, 2002).
3.1 PDF of the MLSS Process
The joint PDF pΞΘ (x, θ; t) of the MLSS process Ξ (t) and the phase process Θ (t) can be ob-
tained by solving the integrals over the joint PDF p
ΞΞ˙ΘΘ˙
(
x, x˙, θ, θ˙; t
)
according to
pΞΘ (x, θ; t) =
∞∫
−∞
∞∫
−∞
p
ΞΞ˙ΘΘ˙
(
x, x˙, θ, θ˙; t
)
dθ˙ dx˙ (6)
for x ≥ 0 and |θ| ≤ pi. Solving (6) results in the following expression
pΞΘ (x, θ; t) =
x e
x2
2σ2
1
(2pi)2 σ21σ
2
2σ
2
AMR
∞∫
0
∞∫
0
pi∫
−pi
ω
ν
e
−
(ω/ν)2+ρ22
2σ22 e
−
ν2+ρ2
AMR
2σ2
AMR e
−
g1(ω,ψ;t)
2σ2
1 e
−
xg3(ω,θ,ψ;t)
σ1
× I0
(√
g2 (ω, ν,ψ; t)
)
dψ dω dν, x ≥ 0, |θ| ≤ pi (7)
where
g1(ω,ψ; t) =ω
2+ρ21+2ρ1ω cos
(
ψ−2pi fρ1 t−θρ1
)
(8a)
g2(ω, ν,ψ; t) =
(
ρ2ω
σ22ν
)2
+
(
ρAMRν
σ2AMR
)2
+
2ρ2ρAMRω
σ22σ
2
AMR
cos
[
ψ − 2pi
(
fρ2+ fρ3
)
t−
(
θρ2+θρ3
)]
(8b)
g3(ω, θ,ψ; t) =
ρ1 cos
(
θ − 2pi fρ1 t − θρ1
)
+ ω cos (θ − ψ)
σ1
.
(8c)
In (7), I0 (·) is the zeroth-order modified Bessel function of the first kind (Gradshteyn &
Ryzhik, 2000).
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The PDF pΞ (x) of the MLSS fading process Ξ (t) can be obtained by integrating (7)
over θ in the interval [−pi,pi]. Hence,
pΞ(x) =
x e
− x
2
2σ2
1
2pi σ21σ
2
2σ
2
AMR
∞∫
0
∞∫
0
dν dω
ω
ν
e
−
(ω/ν)2+ρ22
2σ22 e
−
ν2+ρ2
AMR
2σ2
AMR
pi∫
−pi
dψ e
−
g4(ω,ψ)
2σ2
1 I0
(
x
σ21
√
g4(ω,ψ)
)
I0
(√
g5(ω, ν,ψ)
)
, x ≥ 0 (9)
where
g4 (ω,ψ) = ω
2 + ρ21 + 2ρ1ω cos (ψ) (10a)
g5(ω, ν,ψ) =
(
ρ2ω
σ22ν
)2
+
(
ρAMRν
σ2AMR
)2
+
2ρ2ρAMRω
σ22σ
2
AMR
cos (ψ). (10b)
It is worth mentioning that the joint PDF pΞΘ (x, θ; t) in (6) is dependent on time t. Neverthe-
less, the PDF pΞ (x) in (9) is independent of time t showing that MLSS processes Ξ (t) are first
order stationary. From the PDF pΞ (x) of MLSS fading processes Ξ (t), the following special
cases can be obtained.
Substituting AMR = 1, ρ1 = ρ2 = ρ3 = 0, and taking the limit σ
2
1 → 0 in (9), reduces
the PDF of MLSS processes to the PDF of double Rayleigh processes (see, e.g., (Kovacs et al.,
2002; Patel et al., 2006))
pΞ(x)
∣∣∣∣∣∣∣∣AMR=1ρ1,ρ2,ρ3=0σ21→0
=
x
σ22σ
2
AMR
K0
(
x
σ2σAMR
)
, x ≥ 0 . (11)
For the special case when AMR = 1, ρ1 = 0, and σ
2
1 → 0, the PDF of MLSS processes given in
(9) reduces to the PDF of double Rice processes (Talha & Pätzold, 2007a)
pΞ(x)
∣∣∣∣∣∣∣∣AMR=1ρ1=0σ21→0
=
x
σ22σ
2
AMR
∞∫
0
1
ν
e
−
(x/ν)2+ρ22
2σ22 e
−
ν2+ρ2
AMR
2σ2
AMR I0
(
xρ2
νσ22
)
I0
(
νρAMR
σ2AMR
)
dν, x ≥ 0 . (12)
Similarly, substituting AMR = 1, ρ2 = ρ3 = 0, and σ
2
1 → 0 in (9) allows us to write the PDF of
SLDS processes in the form (Talha & Pätzold, 2007b)
pΞ(x)
∣∣∣∣∣∣∣∣AMR=1ρ2,ρ3=0σ21→0
=


x
σ22 σ
2
AMR
I0
(
x
σ2σAMR
)
K0
(
ρ1
σ2σAMR
)
, x < ρ1
x
σ22 σ
2
AMR
K0
(
x
σ2σAMR
)
I0
(
ρ1
σ2σAMR
)
, x ≥ ρ1 .
(13)
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The PDF ofNLSS processes (see, e.g., (Salo et al., 2006)) can be derived from the PDF of MLSS
processes by substituting ρ1 = ρ2 = ρ3 = 0 in (9), i.e.,
pΞ(x)
∣∣∣∣∣AMR=1ρ1,ρ2,ρ3=0 =
x e
− x2
2σ2
1
σ21σ
2
2σ
2
AMR
∞∫
0
ω e
− ω2
2σ2
1 K0
(
ω
σ2σAMR
)
I0
(
ω
σ21
x
)
dω, x ≥ 0 . (14)
Finally, solving (9) for ρ2 = ρ3 = 0, the PDF of SLSS processes (Salo et al., 2006) is obtained as
pΞ(x)
∣∣∣∣∣AMR=1ρ2,ρ3=0 =
x
2pi σ21σ
2
2σ
2
AMR
∞∫
0
pi∫
−pi
dθ dω ω e
− ω2
2σ2
1 e
− g5(x,θ)
2σ2
1 K0
(
ω
σ2σAMR
)
I0
(
ω
σ21
√
g6(x, θ)
)
, x ≥ 0 (15)
where
g6 (x, θ) = x
2 + ρ21 − 2xρ1 cos θ . (16)
3.2 PDF of the Phase Process
Integrating (7) over x in the interval [ 0,∞ ) results in the following expression for the PDF
pΘ (θ; t) of the phase process Θ (t)
pΘ (θ; t) =
∞∫
0
∞∫
0
pi∫
−pi
ω
ν
e
− (ω/ν)
2+ρ22
2σ22 e
−
ν2+ρ2
AMR
2σ2
AMR
(2pi)2 σ22σ
2
AMR
e
− g1(ω,ψ;t)
2σ2
1 I0
(√
g2 (ω, ν,ψ; t)
) [
1+
√
pi
2
g3 (ω, θ,ψ; t)
× e 12 g23(ω,θ,ψ;t)
{
1+Φ
(
g3 (ω, θ,ψ; t)√
2
)}]
dψ dω dν, |θ| ≤ pi (17)
where g1 (·, ·; t), g2 (·, ·, ·; t), and g3 (·, ·, ·; t) are defined in (8a), (8b), and (8c), respectively.
In (17), Φ (·) represents the error function (Gradshteyn & Ryzhik, 2000, Eq. (8.250.1)).
From (17), it is obvious that the phase process Θ (t) is not strict sense stationary because
the density pΘ (θ; t) is a function of time t. This time dependency is due the Doppler
frequency fρi of the LOS component m
(i)(t) (i = 1, 2, 3). However, for the special case when
fρi = 0, ρi = 0 (i = 1, 2, 3), the phase process Θ (t) becomes first order stationary.
The PDF pΘ (θ; t) of the phase process Θ (t) given in (17) reduces to the PDF of the
phase process corresponding to double Rayleigh (Talha & Pätzold, 2007a), double Rice (Talha
& Pätzold, 2007a), SLDS (Talha & Pätzold, 2007b), NLSS, and SLSS processes by selecting ρ1,
ρ2, ρ3, and σ
2
1 in a similar fashion as described in Subsection 3.1.
4. Numerical Results
In this section, we will provide sufficient evidence to support the validity of the analytical
expressions presented in Section 3 with the help of simulations. Furthermore, for the sake
of completeness, a detailed comparison of the PDF pΞ(x) of MLSS processes Ξ(t) to that of
the special cases mentioned above will be presented. Similarly, a comparison of the PDF
pΘ(θ) of the phase process Θ(t) with other phase PDFs will also be presented. The concept
of sum-of-sinusoids (Pätzold, 2002) was employed to simulate the underlying uncorrelated
Gaussian noise processes of the overall MLSS process Ξ(t). The number of sinusoids required
to simulate the inphase and quadrature components of Gaussian processes µ(i) (t) was
www.intechopen.com
Radio Communications316
selected to be 20 and 21, respectively. Furthermore, the simulation model parameters were
computed using the generalized method of exact Doppler spread (GMEDS1) (Pätzold &
Hogstad, 2006). The maximum Doppler frequencies, i.e., fmax1 , fmax2 , and fmax3 were set to
91 Hz, 75 Hz, and 110 Hz, respectively. Furthermore, for simplicity, the amplitudes of the
three LOS components ρ1, ρ2, and ρ3 are assumed to be equal, i.e., ρ1 = ρ2 = ρ3 = ρ. The
quantities σ21 , σ
2
2 , σ
2
3 , and the relay gain AMR are set to 1, unless stated otherwise.
The results presented in Figs. 2 and 3 show a good fitting between the analytical and
simulation results. In Fig. 2, the PDF pΞ(x) of MLSS processes Ξ(t) is compared to that
of classical Rayleigh, classical Rice, double Rayleigh, double Rice, SLDS, NLSS, and SLSS
processes for ρ = 1, where fρ1 , fρ2 , and fρ3 , were set to 166 Hz, 185 Hz, and 201 Hz,
respectively. It can be observed that the maximum value of the PDF pΞ(x) of MLSS processes
Ξ(t) is lower than that of all the other processes under consideration for the same value of
ρ. However, the PDF pΞ(x) of MLSS processes Ξ(t) has a higher spread as compared to the
spreads of the above mentioned processes for the same value of ρ. The same trend can be
seen when different values of ρi (i = 1, 2, 3) are selected. Furthermore, increasing the value of
the relay gain AMR causes a decrease in the maximum value and an increase in the spread of
the PDF of MLSS processes Ξ(t).
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Fig. 2. A comparison of the PDF pΞ(x) of the MLSS process Ξ(t) with that of various other
stochastic processes.
Figure 3 presents a comparison of the PDF pΘ(θ) of the phase process Θ(t) with that
of the phase processes corresponding to the classical Rayleigh and double Rayleigh processes,
the classical Rice and double Rice processes, the SLDS process, the NLSS process, and the
SLSS process for ρ = 1. It should be noted that the results presented in Fig. 3 are valid for the
case when fρi (i = 1, 2, 3) is set to zero. It can be observed that the PDF of the SLDS phase
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process has the highest peak. The PDF pΘ(θ) of the phase process Θ(t) follows the same
trend in terms of the maximum value and the spread as that of the classical Rice process for
the same value of ρ. Furthermore, it is interesting to note that for the phase process Θ(t) with
ρi (i = 1, 2, 3) being selected as ρ1 = ρ3 = 0.5 and ρ2 = 1, the PDF pΘ(θ) is almost the same
as that of the double Rice process for ρ = 1. Figure 3 also shows the impact of the relay gain
AMR on the PDF pΘ(θ) of the phase process Θ(t).
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Fig. 3. A comparison of the PDF pΘ(θ) of the phase process Θ(t) with that of various other
various processes.
5. Conclusion
In this chapter, we have proposed a new flexible M2M amplify-and-forward relay fading
channel model under LOS propagation conditions. The novelty in the model is that we have
considered the LOS components in both transmission links, i.e., the direct link between the
source mobile station and the destination mobile station as well as the link via the mobile
relay. By analogy with multiple scattering radio propagation channels, we have developed
the MLSS fading channel as a second-order scattering channel, where the received signal
comprises the single and double scattered components. Furthermore, the flexibility of the
MLSS fading channel model comes from the fact that it can be reduced to double Rayleigh,
double Rice, SLDS, NLSS, and SLSS channel models under certain assumptions.
This chapter also presents a deep analysis of the statistical properties of MLSS fading
channels. The statistical properties studied, include the PDF of MLSS processes along with
the PDF of the corresponding phase processes. Accurate analytical expressions have been
derived for the above mentioned statistical quantities. The accuracy and validity of the
analytical expressions are confirmed by simulations. The excellent fitting of the theoretical
www.intechopen.com
Radio Communications318
and simulation results verifies the correctness of the derived analytical expressions. The
presented results show that the statistical properties of MLSS channels are quite different
from those of the processes embedded in the MLSS channel model as special cases. It is
also evident from the illustrated results that the relay gain has a significant impact on the
statistical properties of MLSS channels.
The statistics of a fading channel dictate the choice of the transmitter and the receiver
techniques, including the detection, modulation, and coding schemes, etc. Therefore, the the-
oretical results presented in this chapter are quite useful for the designers of the physical layer
of M2M cooperative wireless networks. Furthermore, the developedM2M channel model can
be employed to investigate the overall system performance of M2M communication systems
under both NLOS and LOS propagation conditions.
6. References
Akki, A. S. (1994). Statistical properties of mobile-to-mobile land communication channels,
IEEE Trans. Veh. Technol. Vol. 43(No. 4): 826–831.
Almers, P., Tufvesson, F. & Molisch, A. F. (2006). Keyhole effect in MIMO wireless channels:
measurements and theory, IEEE Trans. Wireless Commun. Vol. 5(No. 12): 3596–3604.
Andersen, J. B. (2002). Statistical distributions in mobile communications using multiple scat-
tering, Proc. 27th URSI General Assembly, Maastricht, Netherlands.
Dohler, M. (2003). Virtual Antenna Arrays, Ph.D. dissertation, King’s College, London, United
Kingdom.
Erceg, V., Fortune, S. J., Ling, J., Rustako, Jr, A. J. & Valenzuela, R. A. (1997). Comparison
of a computer-based propagation prediction tool with experimental data collected in
urban microcelluar environment, IEEE J. Select. Areas Commun. Vol. 15(No. 4): 677–
684.
Gradshteyn, I. S. & Ryzhik, I. M. (2000). Table of Integrals, Series, and Products, 6th edn, New
York: Academic Press.
Kovacs, I. Z., Eggers, P. C. F., Olesen, K. & Petersen, L. G. (2002). Investigations of outdoor-to-
indoor mobile-to-mobile radio communication channels, Proc. IEEE 56th Veh. Technol.
Conf., VTC’02-Fall, Vol. 1, Vancouver BC, Canada, pp. 430–434.
Laneman, J. N., Tse, D. N. C. & Wornell, G. W. (2004). Cooperative diversity in wireless net-
works: efficient protocols and outage behavior, IEEE Trans. Inform. Theory Vol. 50(No.
12): 3062–3080.
Papoulis, A. & Pillai, S. U. (2002). Probability, Random Variables and Stochastic Processes, 4th edn,
New York: McGraw-Hill.
Patel, C. S., Stüber, G. L. & Pratt, T. G. (2006). Statistical properties of amplify and forward
relay fading channels, IEEE Trans. Veh. Technol. Vol. 55(No. 1): 1–9.
Pätzold, M. (2002). Mobile Fading Channels, Chichester: John Wiley & Sons.
Pätzold, M. & Hogstad, B. O. (2006). Two new methods for the generation of multiple un-
correlated Rayleigh fading waveforms, Proc. IEEE 63rd Semiannual Veh. Tech. Conf.,
VTC’06-Spring, Vol. 6, Melbourne, Australia, pp. 2782–2786.
Salo, J., El-Sallabi, H. M. & Vainikainen, P. (2006). Statistical analysis of the multiple scattering
radio channel, IEEE Trans. Antennas Propagat. Vol. 54(No. 11): 3114–3124.
Sendonaris, A., Erkip, E. & Aazhang, B. (2003a). User cooperation diversity — Part I: System
description, IEEE Trans. Commun. Vol. 51(No. 11): 1927–1938.
www.intechopen.com
A Novel Amplify-and-Forward Relay Channel Model  
for Mobile-to-Mobile Fading Channels Under Line-of-Sight Conditions 319
Sendonaris, A., Erkip, E. & Aazhang, B. (2003b). User cooperation diversity — Part II: Im-
plementation aspects and performance analysis, IEEE Trans. Commun. Vol. 51(No.
11): 1939–1948.
Shin, H. & Lee, J. H. (2004). Performance analysis of space-time block codes over keyhole
Nakagami-m fading channels, IEEE Trans. Veh. Technol. Vol. 53(No. 2): 351–362.
Simon, M. K. (2002). Probability Distributions Involving Gaussian Random Variables: A Handbook
for Engineers and Scientists, Dordrecht: Kluwer Academic Publishers.
Talha, B. & Pätzold, M. (2007a). On the statistical properties of double Rice channels, Proc.
10th International Symposium on Wireless Personal Multimedia Communications, WPMC
2007, Jaipur, India, pp. 517–522.
Talha, B. & Pätzold, M. (2007b). On the statistical properties of mobile-to-mobile fading chan-
nels in cooperative networks under line-of-sight conditions, Proc. 10th International
Symposium on Wireless Personal Multimedia Communications, WPMC 2007, Jaipur, In-
dia, pp. 388–393.
Talha, B. & Pätzold, M. (2008a). Level-crossing rate and average duration of fades of the
envelope of mobile-to-mobile fading channels in cooperative networks under line-
of-sight conditions, Proc. 51st IEEE Globecom 2008, New Orleans, USA, pp. 1–6. DOI
10.1109/GLOCOM.2008.ECP.860.
Talha, B. & Pätzold, M. (2008b). A novel amplify-and-forward relay channel model for mobile-
to-mobile fading channels under line-of-sight conditions, Proc. 19th IEEE Int. Symp.
on Personal, Indoor and Mobile Radio Communications, PIMRC 2008, Cannes, France,
pp. 1–6. DOI 10.1109/PIMRC.2008.4699733.
www.intechopen.com
Radio Communications320
www.intechopen.com
Radio Communications
Edited by Alessandro Bazzi
ISBN 978-953-307-091-9
Hard cover, 712 pages
Publisher InTech
Published online 01, April, 2010
Published in print edition April, 2010
InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com
InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 
Phone: +86-21-62489820 
Fax: +86-21-62489821
In the last decades the restless evolution of information and communication technologies (ICT) brought to a
deep transformation of our habits. The growth of the Internet and the advances in hardware and software
implementations modified our way to communicate and to share information. In this book, an overview of the
major issues faced today by researchers in the field of radio communications is given through 35 high quality
chapters written by specialists working in universities and research centers all over the world. Various aspects
will be deeply discussed: channel modeling, beamforming, multiple antennas, cooperative networks,
opportunistic scheduling, advanced admission control, handover management, systems performance
assessment, routing issues in mobility conditions, localization, web security. Advanced techniques for the radio
resource management will be discussed both in single and multiple radio technologies; either in infrastructure,
mesh or ad hoc networks.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Batool Talha and Matthias Patzold (2010). A Novel Amplify-and-Forward Relay Channel Model for Mobile-to-
Mobile Fading Channels under Line-of-Sight Conditions, Radio Communications, Alessandro Bazzi (Ed.),
ISBN: 978-953-307-091-9, InTech, Available from: http://www.intechopen.com/books/radio-communications/a-
novel-amplify-and-forward-relay-channel-model-for-mobile-to-mobile-fading-channels-under-line-of-s
© 2010 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and
derivative works building on this content are distributed under the same
license.
